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CHAPTER 1. INTRODUCTION 
1.1 Reasons for studying lawnmower blade noise 
Noise is an important area of acoustics that affects all our lives. Noise can affect us in 
one of the two following ways - cause permanent hearing damage or by affecting our sense of 
well being by causing irritation. Since the 1970s there has been a growing realization of the 
nuisance caused by outdoor equipment. This has prompted many municipalities and states to 
bring about regulations against noisy equipment. 
Until recently noise was more of an issue for North American manufacturers who 
export their products to Europe. However, in the past decade consumers in the North 
American market have begun to realize the importance of having quieter products. In Europe 
too, since the formation of the European Union [2, 16], new stricter guidelines on noise levels 
of imported equipment are being explored. This has prompted manufacturers to look for 
different ways to obtain quieter products. Often times reductions in sound levels on the order 
of 1 to 2 dB may decide whether a product satisfies import standards. Exceeding the 
standards may mean that a product may not be sold. 
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Among the different types of outdoor equipment which cause noise, most will agree 
that lawnmowers are one of the worse offenders. The most widely used lawnmower type in 
the United States is the internal combustion engine rotary lawnmower. According to a report 
[28] published by the Environmental Protection Agency in 1974 sales of rotary lawnmowers 
around that year were worth over 500 million dollars annually. Rotary lawnmowers are 
primarily divided into two types, namely the riding mower and the walk behind mower. Of 
these the walk behind lawnmowers are more widely used. 
Short time use of lawn mowers may not pose a significant risk to damage hearing. 
However they do constitute a major source of annoyance and have thus prompted many cities 
to pass ordinances with an aim to regulate lawnmower noise. An ordinance passed by the City 
of Chicago, Illinois specified that mowers manufactured after January 1, 1978 must achieve a 
sound pressure level at 50 ft of no greater than 65 dB A. Thus several studies which attempted 
to reduce lawnmower noise were initiated [1, 5, 8, 9, 10, 18, 27, 28]. 
The important causes of noise in a driven mower are the exhaust, the engine, 
vibrations from various mechanical components and the blade. For walk behind mowers the 
sources of noise are; first the exhaust, second blade noise, being almost as significant, and 
third the engine noise. Until the early 1970s most work on designing quieter lawnmowers 
focused on engine noise and engine exhaust in particular. Since then improvements in muffler 
design have shifted the focus from the engine noise to blade noise. Measurements performed 
at Commonwealth Scientific and Industrial Research Organization, Australia [31] show that 
removal of the blades reduces noise levels by about 3 dB thereby indicating that blade noise is 
almost equal to the sum of noise from all other sources. A study at Purdue's Herrick 
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Laboratory [ 1] reported 10 dB noise reductions when the blades were removed. Therefore 
reducing blade noise is necessary to obtain overall reductions in lawn mower noise. 
1.2 Main parameters involved 
The cross section of a typical lawnmower deck with its blade is shown in Figure 1.1. 
This figure depicts the deck for a single blade configuration. In this setup the primary source 
of noise is the rotating blade. Besides this, there exists an interaction between the blade and its 
surroundings, namely the deck and the ground surface, which will also contribute to the 
radiated noise. In this report the deck may be sometimes referred to as the shroud. The deck is 
a hard metallic reflecting surface which also serves as an acoustic enclosure for the blades. 
Thus the distance between the blade and the top of the deck, marked 'a' in Figure 1.1, 
significantly affects the noise radiated by the lawnmower. 
blade deck 
e 
·······"'··· c 
ground 
Figure 1.1 Typicallawnmower blade and deck 
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The other significant dimensions are the height of the blade above the ground and the 
distance between the deck side and the ground surface, marked 'b' and 'c' in Figure 1.1. 
However these parameters depend on certain factors which cannot be easily varied. For 
example the blade height is governed by the desired grass cutting height and varies between 
users. The height of the deck side from the ground surface is governed by safety regulations. 
The distance of the blade tip from the inside of the deck, marked 'e' in Figure 1. 1, needs to be 
kept at a minimum so that mowers can cut close to boundaries like fences and walls. Figure 
1.2 shows a typicallawnmower blade. 
leading edge 
hub 
Q -mid section -- ---tip section or 
·tip- - - - - - - - - - - - - - - -
wmg 
...._ _____ trailing edge 
(a) top view (b) section side view 
Figure 1.2 Parts of a lawnmower blade 
The blade is mounted on the shaft at the hub. The section surrounding the hub is 
known as the mid section whereas the section towards the blade end is known as the tip 
section. The cutting of grass is done by the cutting edge of the blade. Normally a beveled 
section provides sufficient ability to efficiently cut grass. This blade would rotate counter 
clockwise in the perspective shown. The non cutting edge of the blade is known as the trailing 
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edge. Some blades have the trailing edge tip section bent upwards to form a wing. This 
provides the suction power which helps lift the grass thereby increasing cutting quality. 
Besides providing the lift to straighten the grass the wing also picks up the grass clippings for 
storage in a catcher bin or disposal through a grass throw. 
For walk behind mowers the blade length varies form about 18 to 22 inches. The blade 
length on riding mowers is between 28 to 36 in [28]. 
1.3 Literature review 
The first documented attempt to obtain quiet lawnmower blades was carried out as 
early as 1959 by Sperry and Sanders [10]. They concluded that the hub which attaches the 
blade to the shaft has noise generating potential and that forward curved or S-shaped blades 
will help in noise reduction. However this type of a blade design has not been accepted by 
industry as practical. 
Around the early 1970s there was an extensive research program at Ohio State 
University aimed at investigating the noise sources of rotating lawnmower blades and devising 
methods to obtain quieter lawnmowers. This research was conducted by a doctoral graduate 
student, Guenther [8], and two ofhis graduate colleagues, Richardson [27]and Leeb [18]. 
In 1972 Richardson investigated the effect of different blade profiles and varied the 
distance between the blade and the top of the deck. Richardson performed his measurements 
using a single microphone to take sound level measurements. The test room was reverberant 
and noise from the power transmission equipment, namely, the drive and the motor, may have 
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affected the measurements as they were not enclosed. Thus the experimental work could be 
improved upon. He concluded that reductions as large as 6 dBA could be obtained by 
selecting different combinations of blade profile, and shaft lengths which correspond to 
changes in the distance between the blade and the deck. 
Richardson also predicted the frequencies of broadband noise using the Strouhal 
number formula to obtain a theoretical value of the vortex shedding frequency. However, he 
gives a single number and not the frequency band over which the high frequency broadband 
noise is spread, which this thesis describes in Chapter 2. 
In order to complement the work done by Richardson another study was done by Leeb 
at Ohio State University. Leeb investigated primarily three parameters, namely blade length, 
the wing height and the distance from the deck to the blade. Leeb improved over Richardson's 
techniques by using sound power measurements instead of sound pressure level measurements 
and he conducted his measurements in an anechoic chamber. However, the drive and motor 
were not enclosed and hence the noise from these could have been included in his 
measurements. Thus the data may not have been truly representative of the blade alone. For a 
deck he used a square shaped shroud which is never found in practice. Based on 
measurements using this deck he concluded that the sides of the deck have little effect on the 
sound generated. The research presented in this thesis will show that this was an erroneous 
conclusion. 
In summary, Leeb suggested keeping the speed as low as possible and having short 
blade lengths. He also recommended that the upkick angle (wing height) should be kept small. 
Another significant conclusion of the Leeb study was that no simple theoretical model could 
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accurately predict sound power levels. Consequently, the design engmeer must rely on 
experimental measurements to accurately predict the amount of sound generated by a 
lawnmower blade in a deck. 
Guenther [8] investigated the following parameters; lift, bowed body, wing height and 
leading and trailing edge sharpness. His experimental methods were similar to those of Leeb. 
The main conclusions of his experimental work were that sharpening the leading and trailing 
edge of the blade reduced the noise level, and the noise increased as the up kick angle (wing 
height) increased. He also concluded that the distance between the blade and the deck did not 
show any affect on the acoustic power generated. 
Guenther did a more complete theoretical analysis of blade nmse than Leeb. He 
described theories for predicting the sound radiated by flat blades. However, these theories 
could not predict the change in the radiated sound caused by deck and blade modifications, 
like varying wing height, leading edge sharpness, trailing edge sharpness or notches in the 
wing. Thus, the available theories are still lacking for design purposes. 
In the three above mentioned studies the experimental setup did not closely represent 
the conditions seen by a reallawnmower blade. There was no 'ground surface', hence vortices 
would not be trapped between the deck and the ground and the noise caused by these vortices 
being chopped would not be shown in the results. When they did use a reflecting plane, 
intended to represent a deck, it was actually on the ground side of the blade. As mentioned 
earlier, the noise from the power transmission equipment may have been included in some of 
their results. Hence, there are significant improvements which can be done to obtain better 
measurements of lawnmower blade noise. Besides the study at Ohio State University there 
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were a few other studies of lawnmower blade noise. Some details of these research studies are 
included in the following paragraphs. 
In 1976, Applegate and Crocker [1] conducted research at Purdue's Herrick 
laboratories to investigate lawnmower noise caused by vibrations in the lawnmower structure 
and blade noise. Their data showed that removing the blades caused levels to drop by 1 0 dB 
over the entire frequency range. This shows the importance of blade noise as a major 
contributor to overall lawnmower noise. Their measurements were taken with the blades in 
free space and the deck was ignored for simplicity. 
Applegate and Crocker also included equations to calculate the noise radiated by 
blades based on theories developed by Gutin [11]. However, these equations required 
knowledge of the lift, thrust, and drag torque which must be obtained from actual 
measurements. Hence, these formulae cannot be used to easily predict the effect of different 
design changes on the noise radiated by the blades. 
There was some work done in Australia by Sheperd and Gibson [31]. They obtained 
reductions in sound power levels on the order of 5 dB(A) by streamlining the blades. They 
obtained reductions as large as 11 dB(A) by using a centrifugal fan for catching the grass, 
thereby reducing the blade speed to the minimum required for cutting grass and not running 
the blades at the higher speeds which are required for grass throwing. 
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1.4 Goals and constraints 
There were three important goals in this research; to construct a testing rig, to develop 
a standard measurement procedure and to identify the noise causing mechanisms in rotating 
lawnmower blades. 
The testing rig had to be capable of running two lawnmower blades with the speed of 
the blade tips running at about 15,000 ftlm [10]. Flexibility to measure different sized blades 
was another important requirement. 
As was seen in the literature review, some of the measurement techniques that were 
used by previous researchers could be substantially improved. For this research the blades 
were measured using international standard measuring techniques so that the results could be 
easily compared with others available internationally. To standardize the measurement 
procedure, the ISO standard method of measuring sound power using a hemispherical 
measuring surface over a reflecting plane was followed. 
The work in the open literature did not specifically identify the noise causing 
mechanisms or include detailed information of the effect of different modifications on the 
radiated noise. Thus, a scientific investigation into the main parameters causing lawnmower 
noise was conducted during the course of this research. 
The blades could not be tested under actual operating conditions because outdoor 
noise would affect the results as would noise from other parts of the mower. To test the 
blades under conditions that are closer to the actual operating conditions of lawnmowers 
realistic decks were used and the blades were operated over an absorptive 'ground' surface. 
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The most important criterion while studying lawnmower blades was that any modifications not 
affect the cutting efficiency of the blade or the grass throwing efficiency. For efficient grass 
cutting, blade tip speeds of around 15,000 ft/m are needed. 
One of the issues that was not actively pursued was attempting to predict theoretically 
the effect of blade modifications on sound power levels. This would require an effort far 
beyond the scope of this research. 
1.4 Outline of this thesis 
Chapter 2 will describe some of the literature surveyed including both early work on 
fan and blade noise as well as specific research done on lawnmower blades. Based on these 
theories the main mechanisms causing sound will also be discussed. 
Chapter 3 describes the experimental setup and the sound measuring equipment that 
was used. Details of the measurement technique for obtaining sound power levels are 
included. There will also be data which shows the repeatability ofthe setup. 
Chapter 4 will describe the data obtained by taking measurements after making 
different modifications to the blade. These modifications have been specifically selected to 
allow the effect of different parameters to be closely studied. Thus, the theories described in 
previous chapters will be verified. 
Finally, Chapter 5 will summarize the main points of the research and make some 
recommendations for future work. 
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CHAPTER 2. THEORETICAL BACKGROUND 
This chapter takes a closer look at the main mechanisms which cause the radiated 
noise from rotating fans and blades. This is followed by a description of the two main types of 
noise present in the frequency spectrum of a fan or a blade, namely, discrete tone noise and 
broadband noise. Some of the early work related to discrete tone and broadband noise is 
described. Finally, the implications of these theories to lawnmower blades is discussed. 
2.1 Basic noise mechanisms for rotating blades 
There are primarily two types of noise radiated by a rotating fan blade; discrete tone 
noise and broadband noise. According to Sharland [30] who studied fan noise in detail, 'fan 
noise essentially consists of a broadband spectrum extending over a wide range of frequencies. 
Superimposed on this are a number of discrete frequency peaks which occur at the 
fundamental blade passage frequency and its harmonics'. 
The relative strengths of the discrete tones and broadband noise vary. For low tip 
speeds the noise is predominantly broadband, while for high tip speeds discrete frequency 
tones are more dominant. In the case of lawn mower blades both broadband noise as well as 
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discrete tone noise are present. The following sections will describe the physical phenomena 
that cause these two types of noises. 
Figure 2.1 shows the measured sound power spectrum for a typicallawnmower blade 
measured during this research. The blade depicted in this figure is a flat wing blade. The 
broadband and the discrete tone noise are indicated in the figure. 
85 /fundamental (90Hz) 
/ 
75 harmonics 
/, Broadband 
45 
::1 +----D-is-cr-e-te~t-on_e_s------r--------+--------~:_"---~-~-----~ 
0 1000 2000 3000 4000 5000 
Frequency (Hz) 
Figure 2.1 Frequency spectrum showing discrete tones and broadband noise 
Most of the discrete tone noise is located at the low frequencies and the broadband 
noise is spread over a higher frequency range. For this particular blade the discrete tone noise 
consists of peaks, most ofwhich lie below 1200Hz. On closer observation it can be seen that 
the discrete tone peaks consist of several harmonics with their fundamental located at 90 Hz. 
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The 90 Hz fundamental frequency corresponds to the speed of rotation of the blade. The 
broadband noise is spread over the frequency range from approximately 1250Hz to 2750Hz 
for this blade. 
Figure 2.2 depicts the main types of noises in rotating blades and their causes. During 
this research the data was often separated into broadband and discrete tones to analyze the 
mechanisms causing each specific type. The following two sections will explain the 
mechanisms causing each of these two types on noises in greater detail. 
Type of noise 
Discrete tone noise Broadband noise 
Blade passage Vortex shedding 
Blade-deck interaction Turbulent flow 
Boundary layer 
Figure 2.2 Classification of fan noise 
An important phenomena which contributes to both the discrete tone and broadband 
noise is vortex shedding. Vortices are shed off both the trailing edge and the tip of the blade 
and are appropriately called trailing edge vortices and tip vortices respectively. Vortices are 
formed when the air flow on the top and the bottom surface of the blade meet at the trailing 
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edge or tip. Vortices occur because of the difference in pressure between the top and bottom 
surface. In general, the vortices shed off the tip are larger in amplitude than the vortices that 
are shed off the trailing edge. 
2.2 Discrete tone noise 
Discrete tone noise is located at particular frequencies and their harmonics, and sounds 
like the noise made by a small propeller aircraft. There are two possible sources of discrete 
tone noise in fans. One of which is caused by the pressure field which rotates with the blade 
and is known as propeller type noise. The other type is caused by the aerodynamic interactions 
between the blade and the deck and is appropriately called blade-deck interaction noise. The 
blade and deck are also referred to as rotor and stator in some literature. 
It is possible to predict the frequency of the discrete tone noise since it is related to the 
blade rotating speed and the position of discontinuities in the deck. However, attempts to 
predict the amplitudes of the peaks of the higher order harmonics has not met with great 
success. The following two subsections will describe the blade passage frequency noise and 
blade deck interaction noise in more detail. The last subsection will summarize the 
implications of the theory to lawnmower blades. 
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2.2.1 Blade passage frequency noise 
A blade rotating at a constant speed will cause periodic excitations of an elemental 
volume of air at a fixed point in space. For anN bladed rotor, a blade would pass near this 
point at a rate of N times the rotational speed of the rotor. Thus the frequency of the 
fundamental tone, fb, of this type of noise is given by 
(2.1) 
where N is the number of blades and n is the rotor's rotational frequency in revolutions per 
second or Hz. Since the excitation of the blade cutting through the air at a point in space is 
like an impulse it will cause a number of harmonics to be present in the frequency spectrum, in 
addition to the fundamental tone. 
From fluid dynamic theory it is known that a blade moving in air tends to push the air 
outwards towards the end of the blade. The air on the top surface of the blade is at a different 
pressure than the air on the bottom surface of the blade. When the air on the top surface tip 
meets the air flowing off the bottom surface tip of the blade, the difference in pressure 
between the two flows causes tip vortices. The air which causes the tip vortices travels over a 
larger distance, L, than the air which causes trailing edge vortices which travel over a shorter 
distance, 1, thus the tip edge vortices cause larger pressure fluctuations, Figure 2.3. This gives 
stronger discrete tones. Figure 2.3 shows a blade with the flow lines which cause the tip 
vortices. 
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Figure 2.3 Generation of tip vortices 
large tip vortices 
direction of rotation 
Available fluid dynamics theories are primarily intended for blades in free space and 
away from any physical boundaries. However, in a lawnmower the blades are enclosed 
between a deck with sides and the ground. Therefore, interaction phenomena are not included 
in current models. With the blade enclosed by the deck, the vortices shed off the tip are 
trapped inside the deck. These turbulent vortices shed off the tip are then chopped as the next 
blade comes around. This chopping action causes pressure fluctuations. These pressure 
fluctuations increase the levels of the discrete tone peaks which are known as blade passage 
frequency noise. 
The blade passage frequency noise will depend on the shape of the aerodynamic 
excitation caused by the blade profile. The duration of the pressure impulse caused by the 
blade size compared with the period of the blade rotation will directly influence the relative 
strength of each harmonic and the fundamental tone. The duration of the pressure impulse will 
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depend on blade parameters such as the length and cross section. The blade passage frequency 
noise is often low frequency in nature. 
Hence, there are two steps in the formation of blade passage frequency noise. The first 
is the formation of large tip vortices off the end of the blade. Finally, these vortices are 
trapped by the deck and the blade profile chops these vortices while coming around for a 
second time thereby increasing the strength of the discrete tones. 
2.2.2 Blade deck interaction noise 
Blade deck interaction noise is caused by the interaction between the tip vortices 
created by the blade and discontinuities in the deck. Additionally, the air near these 
discontinuities will be turbulent and hence when the blade encounters this turbulence it will 
cause stronger discrete tones. This type of noise will also be referred to as interaction noise. 
Figure 2.4 shows the two mechanisms contributing to discrete tone interaction noise. 
There are at least three parameters which determine the magnitude of the interaction 
noise. They are the shape of the blade, the distance between the blade and the deck side and 
the cross sectional loading on the blade tips which is considered as the source of the tip 
vortices. Changing the interaction angle between the blade and the deck would affect the 
sound pressure levels. Interaction noise can thus be reduced by increasing blade deck distance 
and having a smooth deck. 
Figure 2.4 
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Blade deck interaction noise caused by the interaction of large tip vortices with 
discontinuities in the deck and due to chopping of the increased turbulence at 
these discontinuities by the blade. 
Hence, there are two main mechanisms causing the blade deck interaction noise. They 
are the impinging of the large tip vortices on the discontinuities in the deck and the blade 
chopping of the increased turbulence near the discontinuities. 
2.2.3 Early work on discrete tone noise 
Early researchers who studied propeller noise looked at the directional properties of 
the sound field radiated in the hope that this would help develop a model to represent the 
noise causing mechanisms. In 1932 Paris and Kemp [11] performed directivity measurements 
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on a two blade propeller and found that the directional characteristics had an asymmetry with 
respect to the rotational plane. 
However, only in 1946 were the experimental observations of Paris and Kemp 
theoretically verified by Gutin [11]. Gutin formulated a theory to predict the lower frequency 
discrete tones. Essentially, this theory models a propeller as an array of stationary acoustic 
dipoles created by the lift and drag forces on the blades. He showed that since these forces 
were periodic in nature they may be modeled using a Fourier series. He then used three 
dimensional force components to obtain an expression for the radiated velocity potential to 
finally obtain an expression for the sound pressure level of the fundamental tone of a two 
blade propeller in a free field. 
Many researchers have developed variations of Gutin's model to predict the noise 
radiated by different types offans and blades. Most ofthe documented work, however, shows 
that they did not have great success in predicting the sound level of higher harmonics. 
The disadvantage of Gutin' s formulation is that it requires knowledge of the lift and 
drag forces on the blades to be able to predict the radiated noise. These quantities need to be 
experimentally obtained and hence this is not a truly theoretical method of predicting discrete 
tone noise. This theory cannot easily predict the changes in noise radiated due to changes in 
the blade geometry and hence will not help a manufacturer to design quiet lawnmower blades. 
In conclusion, much more information of the flow over the blade must be obtained to 
predict blade noise, which is beyond the scope of this research. 
20 
2.2.4 Discrete tone noise from Iawnmower blades 
For high wing blades, the blade is providing lift to cut the grass. Thus, the pressure on 
the top surface of the blade is larger than the pressure on the bottom surface of the blade. 
When these vortices meet at the tip of the blade the vortices created are much stronger 
because of the larger pressure difference between the two flows meeting at the tip. 
Additionally, for the high wing blades the tip section of the blade has a certain profile 
which cuts through the vortices created in previous rotations of the blade. This means that 
changing the geometry of the wing profile would minimize the chopping of these vortices by 
the blade therefore reducing the noise level. 
The possibility of reducing interaction noise appears to be a combination of changing 
blade shape, the distance between the blade and the deck and the deck geometry. The 
indications are that small widths, slender profiles and blade deck separations of the order of 
one half to one blade width length are required [7, 14, 25]. Some reductions may be gained by 
tilting the decks with respect to the blades. 
An important issue to be considered when studying blade noise is the manner in which 
the acoustic energy leaves the blade. Decks surrounding the blade will also affect the spatial 
distribution or directivity of the noise traveling away from the blade. 
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2.3 Broadband noise 
Broadband noise, as the name implies, is spread over a wide range of frequencies. 
Broadband noise is best characterized as a rumble, roar or hiss. Examples of high frequency 
broadband noise are the noise from jet engines while low frequency broadband noise sounds 
like the rumble heard in cars at high speeds. Due to its broadband nature this type of noise is 
often examined at particular octave bands. 
Broadband noise is created by fluctuations in the fluid pressure which are caused by 
fluctuating aerodynamic forces that are random in nature. There are three important 
mechanisms which cause these fluctuating forces to develop. These three types of forces 
therefore cause three types of broadband noises as shown in Figure 2.2. 
The first type is known as vortex shedding noise which is caused by the vortices shed 
off the trailing edge of a surface of a body moving relative to a fluid. The second type will be 
called turbulent boundary layer noise because it is caused by pressure fluctuations in the 
boundary layer of the fluid nearest the blade surface. Finally, if a blade is moving in a flow that 
is inherently turbulent, a third type of fluctuating force is set up and the noise caused by this 
type of mechanism is known as turbulent flow noise. 
The following sections will give more details of these types of noises and describe 
some of the work done by others in these areas. Vortex shedding noise will be emphasized 
because it predominates in the case of a single lawnmower blade. On the other hand, less 
emphasis will be given to turbulent boundary layer noise since it is not a major contributor of 
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noise in our particular application. According to Yudin [33] vortex shedding nmse 
predominates for noise from fans, pumps and similar machinery. 
2.3.1 Trailing edge vortex shedding noise 
When a blade is moving relative to a fluid, the fluid gets separated by the blade with 
one portion of the fluid flowing along the upper surface of the blade and the other flowing 
along the bottom surface of the blade. These separated layers form two free shear layers that 
meet at the trailing edge of the blade. The innermost layers (i.e. the layers nearest the surface) 
move at a slower speed as compared to the layers which are further away. Thus, when these 
layers meet it causes the free shear layers to roll up and cause discrete, swirling vortices as 
shown in Figure 2. 5. These vortices form a regular pattern which causes oscillating forces on 
that blade or airfoil from which they are radiated. 
The frequencies at which these vortices are shed from the trailing section ts 
proportional to the relative velocity U and inversely proportional to the section width D. The 
frequency in Hertz is 
u J=S*-
d 
(2.2) 
where S is the Strouhal number. It is a non dimensional proportionality constant which is a 
function of Reynolds number and the shape of that blade section. For Reynolds numbers 
between 103 and 106 , the Strouhal number varies between 0.2 and 0.3 for any section. For 
lawnmower blades the Strouhal number has been shown to be 0.185 by Richardson [27]. 
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Figure 2.5 Formation of trailing edge vortices 
If the blade is divided into lateral sections along its entire length, then it will be seen 
that each section is moving at a different speed. It was shown that the frequency of vortex 
shedding noise depends on tip speed of that section and since different sections of the blade 
rotate at different speeds, different frequencies of noise are radiated. As we move away from 
the center of the blade, the tip speed increases and higher frequencies are radiated. 
2.3.2 Early work on vortex shedding noise 
As early as 1878 Strouhal found that the frequency of vortices depends only on the 
velocity and on the diameter of the body shedding the vortices and that there is a non 
dimensional parameter relating the two. However, this was proven experimentally [33] by 
Stowell and Deming only in 1936. They were the first to experimentally verify that each 
element of the rod radiated sound at the frequency determined by Equation 2.2. They showed 
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that the frequency spectrum was continuous for a rod of constant cross section and that the 
limits of the frequency spectrum coincided with the velocities at the beginning and the end of 
the rod. Higher harmonics were not represented as strongly. 
Stowell and Deming also studied the dimensional characteristics of vortex sound and 
showed that it corresponds to that radiated from a series of dipoles with axes parallel to the 
axis of rotation. Thus, the amplitude of sound pressure 'p' at a distance 'r' from the source at 
an angle '8' with respect to the axis of rotation is determined by the formula 
p = Pm *cos(o) (2.3) 
where Pm is the amplitude of the sound pressure at a distance 'r' on the axis. To predict the 
acoustical power radiated by the vortex, Stowell and Deming experimentally found the 
expression 
W = const*V5'5L (2.4) 
where 'L' is the length of the blade and 'V' is the speed of the blade. Thus the sound power of 
a rotating blade can be approximately calculated using Equation 2.4. This formula will only 
allow a designer to calculate the changes in sound power level for changes in blade length and 
not any other type of modification such as wing height. Hence, this is not useful in designing 
quieter blades. 
2.3.3 Turbulent boundary layer noise 
When there is an external flow over a body, fluid at the surface takes on the velocity of 
the body as a result of the no-slip condition. Boundary layers form on both the upper and 
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lower surfaces of the body. The boundary layer is a thin region close to the surface where 
both the viscous and inertia forces are important. This boundary layer can be either laminar or 
turbulent. 
Typically laminar flows are more of an exception than the rule. As Reynolds number 
increases laminar flow becomes unstable and change into a turbulent flow. This transition 
depends on the free stream conditions, surface roughness and other parameters. The turbulent 
boundary layer is characterized by fluctuations in the fluid pressure and velocity. These large 
pressure fluctuations cause an increase in noise as compared to laminar flow. 
Figure 2.6 depicts the boundary layer for a typical blade in a smooth flow. In this 
figure the boundary layer is drawn on an exaggerated scale. The figure shows that the 
boundary layer gets increasingly turbulent as it flows towards the trailing edge of the blade. 
These turbulent eddies cause pressure fluctuations which cause noise known as turbulent 
boundary layer noise. 
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Figure 2.6 Turbulence in the boundary layer which causes noise 
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For measurements performed by Sharland on a plate in various turbulent flows, vortex 
shedding accounted for the largest amount of noise. The 'estimated' noise from boundary layer 
fluctuations was 25 to 30 dB lower leading the author to conclude that this was not significant 
when compared to the other two. 
It was earlier shown that vortex shedding nmse is essentially dipole in nature. 
However turbulent boundary layer noise is found to be quadruple in nature, hence much 
quieter than the vortex shedding noise. 
2.3.4 Turbulent flow noise 
According to Hinze [33], 'Turbulent fluid motion is an irregular condition of flow in 
which the pressure and velocity show a random variation with time and space coordinates. In 
a turbulent flow statistically distinct average values of pressure and velocity can be discerned'. 
Turbulent flow noise is generated when the blades are rotating in a flow that is 
inherently turbulent. This turbulent flow can have different characteristics in terms of its 
dominant length scales, depending on the mechanism generating the turbulence. For example, 
it could have length scales which are comparable to the length scale of the blade width if there 
is another blade rotating in the vicinity. Such large scale turbulence as shown in Figure 2. 7 can 
increase the noise level significantly. 
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Figure 2.7 Turbulent flows cause large increases in broadband noise 
Based on a series of experimental measurements, Sharland [30] concluded that under 
normal conditions, broadband noise radiated from a fan is mainly caused by vortex shedding. 
This means that if a blade is in a flow that was smooth over most of its area then the noise 
levels can be accounted for by vortex shedding; with some possible contributions from small 
scale turbulence. However, in a turbulent flow with length scales comparable to the blade 
width then noise arising from turbulent velocity fluctuations is dominant. 
2.3.5 Broadband noise from lawnmower blades 
For lawnmower blades vortex shedding noise is the main cause of broadband noise. 
This is followed by turbulent flow noise and turbulent boundary layer noise. The vortex 
shedding is mainly off the trailing edge. This suggests that modifications to the trailing edge 
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might help reduce the radiated noise from a blade. The incorporation of devices in the near 
wake which disrupt vortex shedding might also reduce noise. 
All of the above theories described assumed free field conditions; however a 
lawnmower blade is enclosed between the deck and the ground and is rarely in a free field. 
Thus the deck geometry will affect the spatial distribution of the radiated acoustic intensity. In 
this research little emphasis will be placed on investigating boundary layer noise and most 
emphasis will be on vortex shedding noise. 
2.4 Conclusions based on literature reviewed 
The major causes of noise radiation from the blades, studied in this thesis, are 
attributed to the generation of turbulence off the trailing edge of the blade which was seen as 
broadband noise and the profile of the blade lift cutting the turbulent flow causing the discrete 
frequency noise. 
In terms of air flow there are two main type of vortices generated by a rotating blade. 
The first type will be called tip vortices and these vortices have large length scales and cause 
strong discrete tones. The second type is shed off the trailing edge vortices and have relatively 
smaller length scales. These trailing edge vortices contribute to the broadband noise. 
As the profile of the blade increases in height the tip vortices are stronger. This implies 
that as the wing height increases the discrete tone noise will increase in amplitude. 
Additionally, these large vortices are chopped by an increasing wing profile further 
strengthening the discrete tones. 
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The deck plays an important role in the noise radiated by the blades, therefore 
modifications to the deck can greatly reduce the sound levels. A deck with an aerodynamically 
smooth interior surface is desirable. Discontinuities, such as a grass throw outlet, increase the 
discrete tone noise because of the turbulent flow that is caused by the presence of the 
geometric discontinuity. Based on theory, increasing the distance between the blade and deck 
will reduce noise levels and several modification to the blade are possible to reduce the noise 
levels. The measurements to be described in Chapter 4 will verify the concepts described in 
this chapter. 
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CHAPTER3.EXPERIMENTALSETUP 
The main goal in building the experimental setup was to test and measure the sound 
radiated from lawnmower blades ofvarying geometry. These blades were to be run at speeds 
of around 3000 rpm. To replicate the actual operating environment of a lawnmower blade a 
'ground' surface was placed below the blades and decks were used to cover the rotating 
blades. For purposes of research it was desired to monitor the exact speed and position of the 
blades. 
Figure 3.1 shows the entire frame, motor, belt, pulley and shaft mechanism which was 
placed in an acoustic enclosure. Wooden baffles covered with a sound absorptive material to 
replicate the absorptive nature of a grass surface were placed on top of the enclosure. Finally 
the measurement hemisphere was supported by these baffles. The figure does not show the 
belts and optical encoder. 
Measurements comparable to internationally accepted standards of measuring sound 
power were needed. Hence, repeatability of the measurements was an important 
consideration. The following sections describe how these requirements were met. 
Figure 3.1 
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Schematic model of the experimental setup with deck not included and the 
simulated grass surface and enclosure cut away. 
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3.1 The test rig 
The blades were to be measured at high speeds and power of around 2 hp was 
required to drive the blades. Hence, a drive system capable of these speeds and power was 
needed. The test rig which supported the motor, pulleys and shafts had to be stable at these 
high speeds and hence a heavy base was required. To conduct all the measurements at a 
constant speed, an accurate speed control was needed. As mentioned earlier, flexibility to 
measure blades of varying dimensions was an important concern in designing the testing rig. 
3.1.1 Main structure of the test rig 
Information obtained from Lund International and lawnmower specification sheets 
indicated that the typical operating speeds of the blades are around 3000 rpm. Thus, a motor 
which could provide sufficient power and capable of speeds around 3000 rpm was required. 
To support the motor and to minimize vibrations of the testing rig, a heavy base was needed. 
Hence, the frame was built of 10.2 em channel iron. The entire base had to be more than twice 
the size of the longest blade to allow double blade measurements, thus, the base was 1.22 m. 
long and 0.92 m. wide. Due to the heavy weight of the structure, 6 sets of 0.61m. x 0.61m 
sound absorptive wedges from the base of the chamber were removed to place the structure 
on the floor ofthe anechoic chamber. To provide some vibration isolation between the frame 
and the chamber floor, the frame was placed on 15.24 em. wide strips of a special flooring 
rubber. 
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Figure 3.2 Frame which supported the motor and shafts 
To allow for flexibility in measurements, 3.8 em wide Unistrut pieces were welded 
onto this frame. With the pillow block bearings mounted to the Unistrut the distance between 
the shafts could be easily adjusted for different sized blades. The shafts were held by the 
pillow block bearings. 
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The shafts were built of stainless steel. One end of the shafts was fixed to the rotating 
blade while an optical encoder was attached to the other end. Figure 3.3 shows a drawing of 
the 3.2 em diameter shaft that was used. 
The end of the shaft which supported the blade had a 1.6 em lip corresponding to the 
size of the center hole of the blade. A left handed threaded hole was used to fix the blades on 
to the shaft. Using left handed screws meant that a blade rotating clockwise would cause the 
left handed screw to tighten. 
0. 9 em left handed threads 
2.5 em. dia. 
8 mmdia. 
3.2 em. dia. 
50 em. 17.8 em. 7.6 em. 
Figure 3.3 Drawing of the shaft showing dimensions 
The pillow block bearings which held the shaft were fixed 20.3 em apart on the 
Unistrut. Below the bearings, pulleys with an inner shaft diameter of 2.5 em were fixed onto 
the shaft. Type A V -belts were used to connect the pulleys to the motor. An optical encoder 
was fitted below the pulley. The encoder had a shaft diameter of 8 mm and hence the shaft 
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was milled down to 8 mm. The next section will give more details about the encoder used and 
the speed control and motor were selected. 
3.1.2 Speed and position measurements 
For the single blade measurements, a 3/4 hp permanent magnet d.c. motor (Dayton 
Model 2Z846D) with its own d.c. speed control was used. The motor could be run in both 
clockwise and counter clockwise directions. It was mounted in the center of the frame and 
was connected to the stainless steel shaft with a belt and pulley arrangement. A double pulley 
on the motor shaft was connected to the blade shaft with a 1. 06 m long Type A V -belt. 
To obtain accurate speed and position measurements an optical encoder (Hewlett 
Packard- HEDS 5645 G13) was used. This encoder gave pulses indicating the position ofthe 
shaft to within one degree. As shown in Figure 3.4, the output of this encoder was fed to a 
monostable multivibrator to shape these pulses into square waves which could be fed to the 
input of a tachometer (Eaton Durant Model 45660-400). The tachometer was configured to 
indicate speed with a least count of 10 rpm. 
optical encoder power supply tachometer 
1 degree monostable 10 rpm least 
accuracy multivibrator count 
Figure 3.4 Block diagram of the speed measuring system 
36 
The motor used for the single blade measurements was only capable of providing 3/4 
hp. of torque. This could not provide sufficient torque to drive the double blades and hence a 
2 hp. motor (Baldor Model 35H876Tl23) controlled by a 3 phase series inverter control 
(Baldor Model FIF1003C-Ol) was used. 
3.1.3 Enclosure and simulated grass surface 
The entire drive mechanism and test rig was enclosed in an acoustic enclosure. The 
enclosure was a 5 sided wooden box constructed of 1.91 em thick high density fiberboard. 
The insides of the enclosure were covered with a special type of acoustic foam (Sonex 2" 
natural). Above the enclosure two 1.22m x 2.44 m fiberboard sheets were placed. These 
served to provide a reflecting surface like that of the ground on which lawnmower blades are 
used. In addition, these acted as baffles, providing an increased separation between the 
enclosed motor and the measurement hemisphere. The baffles supported the measurement 
hemisphere. 
The disadvantage of having wood baffles alone was that they had a hard surface which 
would be acoustically reflecting and would not be representative of the actual conditions when 
the lawnmower is cutting grass. To avoid this, an acoustically absorptive surface similar to 
that of the grass which would be cut by an actual lawnmower was required. As a first attempt 
the wood surface was covered with an artificial grass like plastic material. However, this was 
easily damaged by the rotating blades and, hence, a thin layer of carpet foam was selected. 
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The carpet foam was glued down to the wood baffles to prevent it from being sucked up by 
the rotating blades. 
3.1.4 Decks used 
For the single blade measurements a deck made ofPlexiglas was used. Using Plexiglas 
allowed easy modifications to the deck. As shown in Figure 3. 5, the top of the deck was a 
0.95 em. thick Plexiglas sheet which was 61 em. wide and 91.5 em. long. The sides of the 
deck were built of 0.2 em. thick flexible Plexiglas. This was attached to the top piece using 
angle brackets. All comers were sealed with a silicone rubber to ensure that there were no 
leaks and that the inside surface of the deck was smooth. Since most blades being measured 
were 50 em long, the inside diameter of this deck was 54 em. and had 7.6 em. wide sides. The 
top ofthe Plexiglas deck was 12.6 em. above the ground thus the gap between bottom of the 
deck and ground surface was 5 em. 
For double blade measurements a commercial deck provided by John Deere was used. 
A picture of the John Deere deck is shown in Figure 3.6. All the loose parts of the deck were 
removed to prevent them from vibrating and causing any unwanted noise. The shaft holes on 
the John Deere deck were sealed with Plexiglas pieces. The single blade deck had a much 
smoother inside surface as compared to the double blade deck. Thus, the effect of a deck with 
no discontinuities could be studied by comparing the results with the two decks. 
12.6 em. 
Figure 3.5 
54 em. 
shaft 
6lcm. 
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Plexiglas deck used for single blade measurements 
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(b) Top view 
flexible plexiglas side 
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Figure 3.6 John Deere deck used for double blade measurements 
3.2 Effect of the enclosure 
As mentioned in Section 3.1.3, the entire frame along with the motor, pulley and belt 
arrangement was enclosed in a box in order to ensure that the motor noise does not affect the 
measurements. Figure 3. 7 shows the frame and a part of the enclosure. The shafts extended 
out of this enclosure through small holes. The inside of this box was covered with special 
sound absorptive acoustic foam (Sonex 2" natural) which increased the effectiveness of the 
enclosure. 
Figure 3.7 
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Enclosure with its front and top removed to expose the frame and the 
single blade setup 
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Figure 3. 8 shows the sound pressure measured at one position in a single blade deck. 
This plot includes measurements with a flat blade and a high wing blade and an ambient noise 
measurement. The ambient noise data in the figure represents the noise of the shaft and motor 
running at 3 000 rpm but with no blades. The ambient noise is lower than the noise radiated by 
both the flat blades and the high wing blades. Based on these measurements, it is concluded 
that the measurements are representative of the noise radiated by the blades and that the 
enclosure proved effective in minimizing the noise from the motor, belts and pulleys. 
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3.3 Sound measuring equipment used 
To measure the sound power of the lawn mower blades the international standard 
procedure of measuring sound power at different points on a hemisphere was used. The 
hemisphere was built of 1.9 em. wide and 0.3 em thick steel bars. Microphone holders were 
constructed to support the microphones at 10 different positions on the hemispherical frame. 
One inch B & K (Type 2619) microphones connected to B & K (Type 2807) two channel 
power supplies were used. The output of the power supplies was fed to an Ithaco (Model 
453) Amplifier. This amplified signal was then filtered through a Kron Hite (Model 3509A) 
Multichannel low pass filter which served as an anti-aliasing filter. At the end of this chain a 
Masscomp computer controlled data acquisition system was used to collect the data. Typical 
settings for the data acquisition system are shown in Table 3.1. To select the frequency range 
of the measurements few samples of data for a typical high and low wing blade were 
performed and it was observed that the broadband noise remained below 5000 Hz. Hence, it 
was decided to perform measurements over a limited frequency range ofup to 5120 Hertz. 
Table3.1 Typical filter and amplifier settings 
Low Pass Amplification fcutoff Number Data 
anti-aliasing filter of window 
cutoff frequency averages 
5kHz 30-40 dB 5120 100 Hanning 
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3.4 Sound power measurements 
Sound power, in a given frequency band, is the rate per unit time at which sound 
energy is radiated from a source. The unit of sound power is Watts. Conveniently, the sound 
power of a source is represented on a logarithmic scale for which the term sound power level 
is used. The sound power level of a source is given by 
Lw = 10loglD(WIWo) dB; (3.1) 
where W is the power of the source in watts and Wo is the reference power in watts. The 
value of the reference power is 1 pi co watt 
3.4.1 Advantage of using sound power measurements 
The advantage of using the sound power level rather than sound pressure level in 
reporting equipment noise is that for all practical purposes, the sound power radiated by a 
piece of equipment is independent of both the location of the equipment and the 
environmental conditions. The sound power level of a source does not change from one 
physical location to another, provided the source is operated in the same manner. 
Furthermore, the sound power level of a source is theoretically independent of the distance 
from the measurement surface to the sound source. In contrast, the sound pressure level 
produced by a piece of equipment varies with the distance between the equipment and the 
measurement point and also varies with the environment in which the equipment is placed. 
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The sound power level is primarily used as a descriptor for stationary equipment. A 
disadvantage of using sound power levels for rating movable sources of noise is that the 
measurements may not relate to actual operating situations in which the equipment is wholly 
or partially mobile. However, the sound power standard is used in government regulations, so 
it will also be used in this research. 
The procedure used for measuring the sound power levels during this research is an 
internationally accepted standard. Details ofthis are given in standards ISO 3745-1977, ANSI 
Sl.35-1979, and ANSI Sl217.6-1985 which describe sound power level measurements for a 
source in a free field over a reflecting plane. 
3.4.2 Sound power measurements in a free field over a reflecting plane 
A free field in which sound waves travel outward from the source without reflection 
can be achieved in an anechoic room. All the interior surfaces of the anechoic chamber are 
covered with acoustical material that absorbs at least 99 percent of the direct sound energy 
radiated by the source. In this study, the anechoic chamber in the Acoustics Laboratory at 
Iowa State University was used. The standard sound power level measurements procedure is 
described in the following paragraphs for a sound source located in a free field over a 
reflecting plane. 
First, the source is surrounded with a measurement surface of area S. This surface may 
be either a hemisphere or a rectangular parallelepiped. For this research a hemispherical 
measurement surface was used. 
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The sound pressure level is then measured at designated points on this measurement 
surface, S. The logarithmic average, Lp, ofthe sound pressure levels measured in the previous 
step is obtained. The average sound pressure level over the measurement surface Lp is 
calculated from the measured sound pressure levels Lpi using the following equation. 
L = 10 logw[ 1/N :L10(Lpi!lO>] dB; (3.2) 
where Lp is the sound pressure level averaged over the entire measurement surface in dB, Lpi 
is the sound pressure level resulting from the measurements at designated points, in dB and N 
is the total number of measurement points. There are different numbers of microphones which 
can be used. For this research the 10 microphone configuration was used. The sound power is 
finally calculated 
Lw = Lp + 1 Ologw(S/So) 
where So is the reference area 1 m2. 
dB; (3.3) 
In this research the sound power level is calculated every 1 0 Hz. in the frequency 
spectrum. The sound power level spectrum is then processed to determine the octave and A-
weighted sound power levels as will be described in Section 3.5 
This method of determining the sound power can be only used if the following 
conditions are met. The measurements must be made over an extended reflecting plane, the 
dimensions of the machine are not excessive and the radius of the measurement hemisphere 
should be equal to or greater than twice the major source dimension, and not less than 1 m, 
and the background noise at the test site can not be excessive, which means that the sound 
pressure level of the background noise alone is greater than 6 dB below that of the source in 
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the absence of background noise. If the difference between the background noise and the 
measured noise levels of the source are less than 6 dB then the measurements are invalid. 
For the hemisphere, the designated points of the microphone locations are shown on 
Figure 3. 9. The designated points are associated with equal areas on the surface of the 
hemisphere [ 13]. 
Figure 3.9 Measurement points on a hemisphere 
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3.4.3 Measurement setup used in this study 
In order to have the source at the center of the hemisphere, the center of the blade 
being measured was aligned with the center of the hemisphere. For the double blade 
measurements the midpoint between the two shafts was placed at the center of the 
hemisphere. The important consideration in these measurements according to the ISO 
standard, is that the radius of the hemisphere should be twice as large as the major dimension 
of the source. Hence, the hemisphere used for this study had a radius of 1.06 m. For the single 
blade measurements where the major dimension was around 50 em. this was sufficient. For the 
case of the double blades the measurement hemisphere was slightly smaller because the size of 
the chamber which was 3.8m x 3.8m x 3.8m limited the maximum diameter of the hemisphere. 
However since changes in the sound power level with modifications in the blade was studied 
the difference between measured levels will accurately reflect the true sound power changes 
even if the sound power level is not precise. 
The first step involved in making a sound pressure level measurement is calibration. A 
B & K piston phone (Type 4220) with known frequency, 1000Hz, and pressure output, 124.1 
dB, was used to calibrate all microphones that were used. The output from the microphone 
power supply unit was input into a multimeter set to measure the rms voltage. The signal 
adjust screw on the power supply was adjusted until the output reached the desired level of 
0.320 volts. This voltage was chosen to maintain a correspondence of 1 milli-volt to one 
Pascal. Calibration was repeated weekly as measurements were made since microphones are 
sensitive to atmospheric pressure, temperature and humidity. 
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3.5 Data presentation 
The noise spectra for the data collected in this research are spread over the frequency 
range of 0 to 5120 Hz. To aid in the analysis of such a frequency spectrum, it has been divided 
into different frequency bands. In this report the ISO defined Ill octave bands which are 
centered at the following frequencies - 31.5, 63, 125, 250, 500, 1000, 2000, and 4000 Hz 
have been used. 
The A-weighted scale is a frequency weighting that is applied over different frequency 
bands to reflect human perception. According to the A-scale the ear is less sensitive to 
frequencies below 1000 Hz and has maximum sensitivity to frequencies between 1 000 and 
5000 Hz. Statistically, the A-weighted scale closely follows the frequency response of the 
human ear to sound. In addition recent studies show that the rate of hearing loss tends to 
closely follow the A-weighted scale. It is for these reasons that the A-weighted scale plays an 
important role in noise control. 
In Section 3.4.2 it was shown that the sound pressure levels are measured at 10 
microphone locations for each blade. These are then averaged to obtain the sound power level 
for each blade. The sound power level is represented as a frequency spectra over the range 
from 0 to 5120 Hz. with a data sample every 10 Hz. Thus the data shown for each blade will 
include a frequency spectrum. 
This data is then logarithmically averaged over the entire frequency band to obtain an 
overall sound power level. This is also used to calculate the sound power levels over different 
octave bands. The octave band levels are then weighted with an A-weighting being applied to 
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the different octave band levels. This is used to calculate an overall A-weighted sound power 
level. Thus the data for the different blades will also include the octave linear levels and linear 
and A-weighted overall sound power levels. Linear levels are represented in dB while A-
weighted levels are represented as dBA. 
3.6 Repeatability measurements 
To verify that the experimental setup was repeatable, a series of measurements were 
conducted between which different parts of the measurement setup was dismantled and 
rebuilt. Figure 3. 1 0 compares the frequency spectra of two single blade measurements 
between which the deck and measurement hemisphere were dismantled and rebuilt. Both the 
plots lie almost exactly on top of each other indicating that the measurements are highly 
repeatable. In this figure, the plots represent the sound power levels which are calculated as 
described in Section 3. 4. Both the discrete tone low frequency peaks and the high frequency 
broadband noise lie almost exactly on top of each other indicating a high repeatability in the 
measurements. 
To calculate the maximum measurement error in the setup individual octave bands and 
overall levels for four different cases were examined. Measurement 1 represents the reference 
measurement, measurement 2 was performed after a certain interval of time where nothing 
was changed. Measurement 3 was performed after dismantling and rebuilding the deck alone. 
For measurement 4 the deck and the hemisphere were dismantled and rebuilt. 
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Figure 3. 1 0 Measured sound power levels before and after dismantling and rebuilding 
the deck and measurement hemisphere. 
Table 3.2 indicates that the maximum deviation in overall linear levels is+/- 0.13 dB. 
In individual octave bands (other than 31.5 Hz) the maximum difference is +/- 0. 59 dB in the 
63Hz octave band. In the case of A-weighted overall SPLs the maximum deviation is+/- 0.21 
dBA. The data indicates that the differences after dismantling and rebuilding parts of the 
measurement set up are as large as when no change is made. 
Based on these results the maximum overall measurement error was set to be+/- 0.25 
dB Therefore, differences between blades that are greater than 0. 5 dB were to be considered 
as significant. 
Table 3.2 
Octave 
band 
No change 
Deck 
dismantled 
Hemisphere 
and deck 
dismantled 
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Difference between the sound power levels measured with dismantling and 
rebuilding parts of the experimental set up for single blade measurements. 
31.5 63 125 250 500 1000 2000 4000 Overall Overall 
Linear A-wt 
1.08 -0.28 -0.04 -0.28 -0.3 0.29 -0.12 -0.3 0.06 -0.09 
0.2 -0.59 0.02 -0.28 -0.01 -0.21 0.05 -0.54 -0.13 -0.12 
1.36 -0.45 -0.22 -0.45 -0.21 -0.04 -0.2 -0.49 -0.07 -0.21 
3.6.1 Repeatability of double blade measurements 
To test the repeatability of the experimental set up for double blade 
measurements two successive measurements of the blades without changing any part of the 
setup were carried out. For these measurements the blades were placed in parallel starting 
positions. Table 3.3 shows the repeatability measurements for the two blade setup. The data 
indicates that the double blade measurements were also repeatable to within 0. 5 dB. 
Table 3.3 Difference in the measured sound power levels for the double blade 
measurements 
Octave 31.5 63 125 250 500 1000 2000 4000 Overall 
band Linear 
Variation 0.33 -0.06 -0.11 -0.47 -0.04 -0.06 -0.03 -0.03 -0.1 
dB 
Overall 
A-wt 
-0.06 
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CHAPTER 4. MEASURED DATA 
This chapter describes the measurements and the effect of different parameters on the 
radiated noise. These measurements also show the physical mechanism which contribute to 
the radiated noise. These parameters were chosen based on the literature reviewed. The 
effects of speed on the radiated noise is the first to be examined. From fluid dynamics theory it 
is known that different cross section of a blade affect particular frequencies at which there is 
noise. Reducing the blade length and the width for flat blades were examined as these could be 
implemented in practice if noise reductions were desired. In addition, measurements with the 
blade length and width helped to examine the contributions of these parameters to the radiated 
sound. 
Vortex generators are specially shaped V sections which when strategically placed on 
the surface of a body in a fluid flow disrupt vortices from being shed in an orderly manner. 
The trailing edge vortices are the cause of broadband noise and the tip vortices contribute to 
discrete tone noise. Hence, breaking up these vortices would affect the sound being radiated 
by the blade. In this research different configurations of vortex generators were tested aimed 
at disrupting both the trailing edge and tip vortices. These were tested both on the high wing 
and the flat blades. At present, no references to vortex generators were available in the open 
literature. 
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Many commercial lawnmowers use two blades instead of a single blade. Hence, 
measurements were conducted to compare the mechanisms involved in sound being radiated 
by two blades rotating in the close vicinity of each other and the case of a single blade. 
4.1 Effect of speed 
For a 0.457m long blade to be effective at cutting grass, Sheperd and Gibson [31] 
showed that it should have a blade rotational speed of about 2500 rpm. This corresponds to a 
tip speed of around 60 rn!s. However, to catch and throw grass much higher speeds than that 
are required for cutting. Hence mowers are typically run at speeds of around 2800 rpm which 
was the speed at which measurements were performed. 
Most of the literature reviewed suggested reducing speed as a method of obtaining 
quieter lawnmowers. In Chapter 2 the relationship between tip speed and the frequencies of 
vortex shedding noise was explained using the theory of Strouhal number. To verify this 
concept and to obtain a better understanding of the relationship between tip speeds and 
radiated noise four measurements were performed with the motor running at speeds of 1700, 
2000, 2500 and 2800 rpm. The single blade Plexiglas deck without any modifications was 
used for these measurements. 
The relationship between the blade rotational speed and sound power levels is shown 
in Figure 4. 1. As expected increasing the rotational speed causes the overall linear as well as 
A-weighted sound pressure levels to increase. The increase in both levels is almost linear. It is 
54 
interesting to note that reducing the speed by more than one third from 2800 rpm to 1700 rpm 
only reduces linear levels by 5 dB and the A weighted level reduces by about 7.5 dB. Unless 
rotational speeds are greatly reduced there will be no significant reductions in sound levels. 
Hence, for a manufacturer concerned with getting lower sound levels reducing speed would 
not be an advisable alternative. 
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Figure 4.2 shows the frequency spectra obtained for the blades being run at different 
speeds. The figure shows that the levels of both the broadband and the discrete tone noise 
change as the as speed changes. Frequency spectra for four different speed measurements is 
shown in the figure. 
In Chapter 2, the theoretical relationship between the frequency of the trailing edge 
vortices and the speed of the blade was explained. The theory of Strouhal number showed that 
the frequency of the vortices shed is directly proportional to speed of a particular cross section 
of the blade. As the rotational speed of the blade increases the speed of the each cross section 
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of the blade increases. Hence, the higher frequencies corresponding to those higher cross 
section speeds are created. The spectrum shows that, as the speed increases from 1700 rpm to 
2800 rpm the broadband noise frequency increase. Hence, for the blade running at 1700 rpm 
the broadband noise lies between 1000 and 1250Hz. For the blade running at 2800 rpm the 
highest broadband frequency increases to around 2500 Hz. 
Below 1 000 Hz the noise is mainly discrete tone and the amplitude of the fundamental 
peak increases as speeds increase. The figure also shows that the number of discrete tone 
peaks increase as frequency increases. This happens because as the speed increases the blade 
passage frequency increases. This increase in blade passage frequency noise causes the 
harmonics to be closer and hence there are more discrete tone peaks in the spectrum as speed 
mcreases. 
For the blade running at 1700 rpm the frequency spectrum shows small increases in 
broadband levels around 2400Hz and some small peaks around 3900Hz. This is the 
background noise which has entered the spectrum because the levels of the broadband noise 
has fallen below 3 0 dB. 
Figure 4.3 shows the octave band levels for each speed. The octave band data echoes 
the important observations which were seen in the frequency spectra. At the 1000 Hz band the 
sound power levels are almost the same for the different speeds. In the 2000 Hz and 4000 Hz 
band the sound power levels showed large increases in sound power as speed increases. 
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4.2 Effect of the deck 
As was seen in the Chapter 2 most of the research into lawnmower blade noise 
focused on blade geometry and speed, and very little emphasis was placed on examining the 
effect of the blade deck interaction. Most of the researchers studied the blade rotation in a free 
field which means that there was no deck or enclosure around the blade. However, the 
presence of a deck will greatly change the pressure and flow field seen by the blade and 
therefore the deck plays an important role in the sound radiated by a lawnmower blade. 
Chapter 2 discussed the shortcomings of the work relating to the effect of the deck by 
Guenther et al. [8, 9,18, 27] who used a square shroud and no ground surface to study the 
effect of a deck. Thus, during this research emphasis was placed on studying the deck blade 
interaction in more detail. 
4.2.1 Effect of no deck side 
In Chapter 2 it was explained that vortices are shed off both the trailing edge and the 
end of the blade. The vortices shed of the end of the blade are larger in amplitude as they 
move over a larger surface before they can join together. In the case of the high wing blades 
these large vortices shed off the end are trapped within the deck and are again chopped by the 
blade as it comes around for the next rotation. This chopping of the large tip vortices causes 
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the discrete tone noise. In addition, the blade coming around the second time causes more of 
its own large vortices. 
Figure 4. 4 compares the frequency spectra of a flat blade when run in the regular 
Plexiglas deck and the Plexiglas deck with its side taken off The figure shows that the 
discrete tone peaks are greatly reduced by removing the deck side. However, the broadband 
nmse mcreases. 
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The discrete tone noise increases because the deck sides confined the large vortices 
which are then chopped by the blade as it came around for the second time. Without the deck 
side these vortices can dissipate into free space. The high frequency broadband noise increases 
because the side of the deck helps confine the noise created by these vortices inside the deck 
where it is partially absorbed by the simulated grass surface. Thus the deck side acts like an 
enclosure for high frequency broadband noise while it enhances the low frequency discrete 
tone noise. Hence if reducing low frequency discrete tone noise were a concern then the side 
of the deck can be modified. 
The change in the octave band level with the deck side removed is shown in Table 4.1. 
A negative sign implies a reduction after making a modification in blade or deck geometry, 
where as a positive sign means that there is an increase in sound over the reference blade 
measurement. The data indicates that there are increases in the higher frequency octave bands 
namely the 2000Hz and 4000Hz octave band. There is a 7.46 dB reduction in the 500Hz 
octave band which is due to a reduction in the discrete tone amplitudes. Overall, removing the 
deck sides decreases the noise radiated by the blade. 
Table 4.1 
Octave bands 
Difference, dB 
Change in the octave band levels with the deck side removed, 
negative numbers represent reductions 
31.5 63 125 250 500 1000 2000 4000 
2.64 0.67 -2.06 -0.24 7.46 1.78 -4.63 -7.52 
Linear A-wt 
-2.71 -3.88 
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4.2.2 Effect of a grass throw outlet 
To examine how sound radiation is affected by discontinuities in a deck, a simulated 
grass throw outlet was incorporated into the single blade deck. This was achieved by cutting a 
7. 6 by 7. 6 em. square section out of the Plexiglas deck side. A square grass throw outlet was 
used for purposes of simplicity. Figure 4.5 compares the measured sound power level of the 
regular deck to the deck with a grass throw. 
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The results show that the discrete tone noise is greatly increased by the discontinuity in 
the deck side, as theory would suggest. The spectra show little increase in the broadband 
noise. This implies that modifications to the deck will primarily influence the low frequency 
discrete noise. Hence, the discrete frequency noise is controlled by both the blade and the 
deck. Thus modifying the blade alone will have a limited effect on reducing the discrete 
frequency noise, and should be combined with modifications to the deck if reduced noise 
levels are desired. 
Table 4.2 gives the increase in the octave band levels caused by the grass throw outlet. 
As expected, from the theory studied, the grass throw does not cause more high frequency 
noise However, the sound power levels in the lower octave bands increase greatly. In the 250 
Hz and 500 Hz octave band the sound power levels increase by 10.84 and 8.43 dB 
respectively. Hence, it proves that low frequency noise would increase if discontinuities 
increased. Hence, any efforts at reducing the noise radiated by a lawnmower blade would have 
need a deck with minimal discontinuities. Additionally, any discontinuities should be 
aerodynamically smooth thus reducing turbulence. 
Table 4.2 
Description 
Difference, dB 
Change in the octave band levels with a grass throw outlet, negative 
numbers represent reductions 
31.5 63 125 250 500 1000 2000 4000 Linear 
1.26 0.71 0.76 10.84 8.43 0.74 1.01 1.37 2.14 
A-wt 
1.35 
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4.3 Comparison of flat and high wing blades 
As wing height increases the interaction of the blade with the large vortices trapped 
between the end of the blade and the inside of the deck increases. The controlling mechanism 
is that the blade cuts the turbulent flow left from the previous blade passage. The presence of 
the deck enhances the discrete tone noise level as discussed in Section 4.2.1. With an 
increased wing height which is an increased profile seen by the turbulent flow, the area of the 
blade which impacts the turbulence increases thereby causing more noise. 
Figure 4. 7 shows a typical flat blade and high wing blade used for this research. 
Manufacturers normally make blades of many shapes and sizes. The two blades shown in the 
figure are more commonly used than other blades. 
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0 
Figure 4.7 Dimensions of a flat blade and high wing blade 
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Figure 4. 7 compares the frequency spectrum of a flat wing blade with that of a high 
wing blade. The figure shows that the broadband noise beyond 1200 Hz reduces with the 
increased wing height. However the low frequency discrete tone noise increases by more than 
15 dB for the high wing blade. The broadband high frequency noise decreases because the 
trailing edge near the wing section is no longer flat and hence trailing edge vortices formed 
near the wing section are not very strong. The low frequency discrete tones increase because 
of the increased profile of the blade near the tip section. This increased profile chops the 
turbulent vortices created by the previous rotation causing discrete tones. These discrete tones 
are located at the fundamental blade passage frequency of 90 Hz and its harmonics. 
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Table 4.3 compares the linear octave band sound power levels between the flat and 
high wing blades. The table indicates that for the octave bands below 1000 Hz there are large 
increases in sound power levels for high wing blades compared to flat blades. This is because 
of the increased discrete tone noise in the lower octave bands. The increases range from 6.54 
dB in the 1000Hz octave band to 18.02 dB in the 250Hz octave band. The broadband noise 
decreases, as indicated in the 2000 Hz band, the sound power level by 7.4 dB with the high 
wing blade compared to the flat blade. Overall the high wing blade is almost 10 dB louder. 
Thus, in the case of the high wing blades, it is obvious that the main contributor to high 
overall sound power levels are the low frequency discrete tones. 
Table 4.3 Comparison between the octave band levels for flat and high wing blades 
Description 31.5 63 125 250 500 1000 2000 4000 Linear A-wt 
Flat blade 36.45 51.34 59 59.78 63.11 74.88 82.5 63.18 84.95 83.31 
High wing blade 43.64 58.83 75.31 77.8 79.93 81.42 75.1 64.46 94.94 85.65 
Difference, dB 7.19 7.49 16.31 18.02 16.82 6.54 -7.4 1.28 9.99 2.34 
In conclusion, for flat blades broadband noise dominates while for high wing blades 
discrete tone noise dominates. 
4.4 Flat blade measurements 
This section describes specific modifications made to the blade to examine the effect of 
length and width of the blade on the sound generated. The purpose was to identify specific 
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noise causing mechanisms. Emphasis was placed on the flat blades as they were a simpler form 
of high wing blades. 
4.4.1 Effect of length 
Comparisons between high and low wing blades indicated that broadband noise is the 
main contributor of sound for the low wing blades. Airfoil research has shown that vortices 
are shed off the entire trailing edge and they depend on the speed of that section. Hence, 
different sections of the blade are associated with different broadband frequencies. To verify 
this measurements were made with flat blades of varying lengths. The hypothesis was that 
since the speed of any section of the blade relates to the frequency of the radiated noise from 
that section ofthe blade, then by removing for example 2.54 em. from the end of the blade, 
the frequencies related to that section of the blade will be reduced. Further, since the 
frequency is proportional to speed, then the frequency related to each segment of the blade 
will increase with the distance from the center of the blade. The single blade Plexiglas deck 
with smooth sides was used for these measurements. 
Figure 4.8 shows a comparison ofthe full length blade to two different measurements 
in which the blade length was reduced by 3.8 em. and 7.6 em. For the reference flat blade the 
broadband noise is distributed over a frequency range extending from approximately 1 000 Hz 
to 2750Hz. When the length ofthe blade is reduced by 3.8 em. the sound level at the highest 
frequencies in the broadband noise, between 2250Hz to 2750Hz, are reduced. Reducing the 
blade length by 7.6 em. reduces the broadband frequency between 1750Hz to 2250Hz. These 
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Figure 4.8 Effect of blade length on the frequency spectra of the radiated sound 
results confirm the hypothesis that each frequency component in the broadband nmse IS 
related to a particular position on the blade. 
Reducing the blade length reduced the low frequency discrete tone noise because as 
the length of the blade reduces the strength ofthe large vortices shed off the end are reduced. 
Additionally, the discrete tones are reduced because the inside edge of the deck is further 
away from the blade end thereby reducing the blade deck interaction. Consequently, these 
large vortices shed off the end can easily break up before being cut by the next blade passage. 
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These results also indicate that increasing the distance between the deck side and the blade is 
beneficial for reducing the discrete frequency noise. 
4.4.2 Effect of width 
Vortices are caused by the separation of the fluid as it flows over the width of the 
blade. Hence, varying the width of the blade should cause variations in the broadband 
frequency spectra. To study this behavior a measurement was performed with the blade width 
reduced from 7. 6 em. to 3. 8 em. thus reducing the width in half. Both these measurements 
were performed using the single blade Plexiglas deck. 
Figure 4. 9 compares the frequency spectra of the narrow blade with that of the regular 
flat blade. As expected the broadband noise, in the frequency range 1000 to 3000 Hz. was 
reduced by around 6 dB when the blade width was reduced by half. This is due to the fact that 
the separation of the fluid over the width of the blade is reduced thereby reducing the strength 
of the vortices shed off the trailing edge. 
Another important observation which can be derived from the frequency spectra, 
Figure 4. 9, is the reduction in low frequency discrete tone peaks between the frequencies 0 to 
600 Hz. This is caused by reduced interaction between the blade and the deck due to the 
width of the end of the blade being reduced by half . This suggests that discrete tones may be 
reduced by reducing the blade width near the end of the blade so that blade deck interaction is 
reduced. Additionally, the narrow blades will cause the smaller vortices to be shed off the tip 
69 
85 
narrow blade 
75 . 
reference flat blade 
~ 55 . . ~45 ~ 
j 35 ~reduced levels with narrow blade 
.. . 
···-. I . ..... --. '. 
.._., --- ·· . 
.. 
25 +--------4---------r--------~-------+--------1-
0 1000 2000 3000 4000 5000 
Frequency (Hz) 
Figure 4.9 Effect ofblade width on the frequency spectra of the radiated sound 
edge. The peaks between 600 to 1000 Hz appear stronger for the narrow blade, possibly 
because the narrow blade was not sharpened like the regular width flat reference blade. In the 
region of the frequency spectrum, between 3 500 and 4000 Hz a series of peaks exist, which 
represent the background noise of the drive system. 
Table 4.4 shows the difference in the octave band sound power levels for the flat 
reference blade and the narrow blade. Overall the narrow blade was 4.14 dB quieter. Except 
for the 500 Hz octave band the reduced width decreases the sound power levels. In the 500 
Hz octave band the increase is around 0. 58 dB which is caused by the increased discrete tone 
levels around this frequency band. 
70 
Table 4.4 Effect of blade width on the octave band levels 
Octave band 31.5 63 125 250 500 1000 2000 4000 Linear A-wt 
Difference, dB -1.83 -7.22 -1.04 -2.73 0.58 -2.05 -7.45 -0.94 -4.14 -5.8 
4.4.3 Effect of vortex generators for flat blades 
Vortex generators are a concept used in fluid dynamics to break up vortices caused by 
aerodynamic flows created by a body in motion. The vortex generators used in this research 
were weld beads formed in the shape ofV's. These were nominally 0.3 em. in height and the 
length of each arm ofthe V was 3.2 ems. and the angle of separation between the two arms of 
the V was approximately 30 degrees. 
For the flat blades two main configurations were tried as shown in Figure 4.10. These 
were forward pointing Vs and outward pointing Vs. These directions were chosen because 
they were the directions in which the noise causing vortices are shed. 
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Figure 4.10 Geometry and location of the vortex generators used for the flat blades 
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Figure 4. 11 compares the frequency spectra of a blade having forward pointing V s 
with a regular flat blade. It can be seen that there are small reductions in the broadband noise 
between 1800 and 3000 Hz, as may be expected, since these are the sections that contribute to 
the higher frequencies of broadband noise. The figure also shows no changes in discrete tone 
noise which is not surprising as the main purposes of the forward pointing vortices is to 
modify trailing edge vortices not the vortices shed off the end. The octave band and overall 
reductions are tabulated in Table 4.5. 
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Table 4.5 
Octave bands 
Reduction, dB 
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Reduction in the measured sound power of the flat blade with forward pointing 
vortex generators 
31.5 63 125 250 500 1000 2000 4000 Linear A-wt 
0.06 0.2 -0.78 0.42 0.18 -0.3 0.4 0.63 0.09 0.28 
Figure 4.12 compares the frequency spectra of outward pointing vortex generators to 
a regular flat blade. Table 4.6 shows the reduction in the octave band and overall levels. The 
welded V s were intended to reduce the low frequency discrete tone noise. However the low 
frequency discrete tones remain almost the same. This implies that proper placement of these 
vortex generators needs to be studied in more detail. Interestingly, the broadband noise 
between 1250Hz and 3250Hz reduces. This indicates the outward pointing vortex generators 
are again modifying the vortices being shed of the trailing edge. 
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Table4.6 
Octave bands 
Difference, dB 
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Reductions in the measured sound power levels with the outward 
pointing vortex generators on flat blades 
31.5 63 125 250 500 1000 2000 4000 Linear 
0.6 1.91 -0.38 0.17 -0.13 -0.39 2.05 1.39 1.12 
A-wt 
1.55 
Table 4.6 shows that there are small reductions in noise which might be obtained using 
outward pointing vortex generators on flat blades. Comparison with Table 4.5 shows that the 
orientation ofvortex generators is important. 
4.5 High wing blades 
For high wing blades the radiated sound mainly consists of low frequency discrete 
tones which are caused by vortices shed off the end. Hence, modifying the flow over the 
length of the blade might change the sound radiated. To investigate this idea measurements 
using outward pointing vortex generators were conducted. 
4.5.1 Effect of vortex generators for high wing blades 
The vortex generators used for these measurements were of the same dimensions as 
those used for the flat blades 
Figure 4.14 compares the frequency spectra of a high wing blade having outward 
pointing vortex generators with a regular high wing blade. Table 4.7 shows the octave band 
95 
85 -~ 
"'0 ..._., 
75 a:s 
> Cl) 
....l 
'""' 65 Cl) ~ 
0 
~ 
"'0 55 s:: ::s 
0 
00 
45 
35 
0 
reference high 
wing blade 
1000 
74 
outward pointing V s 
2000 3000 4000 
Frequency (Hz) 
Figure 4.13 Effect of vortex generators for high wing blades on noise radiated 
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and overall reductions. The vortex generators increased the broadband noise over almost the 
entire frequency spectrum. There do not appear to be any significant changes to the discrete 
tone noise. 
The overall sound power level, Table 4.7, increases by 0.44 dB and 0.88 dBA with the 
forward pointing vortex generators. These results indicate that more work needs to be done 
tocompletely understand the effect of vortex generators on radiated noise before they can be 
successfully applied to lawnmower blades. 
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Table 4.7 Reductions in the sound power levels by the vortex generators for high wings 
Octave levels 31.5 63 125 250 500 1000 2000 4000 Linear A-wt 
Reduction, dB -1.58 -1.37 1.09 0.81 0.75 0.77 0.88 0.88 0.44 0.81 
4.6 Double blade measurements 
The results thus far have focused on single blades and no double blade research was 
found in the open literature. However, multiple blade mowers are widely used in practice. 
Hence in this research measurements for a double blade configuration were conducted. The 
knowledge obtained from this study can be extended to configurations of three or more blade 
mowers as well. 
For the double blade measurements the John Deere deck was used. This deck had a 
grass throw outlet and was not as smooth as the Plexiglas deck which was used for the single 
blade measurements. The noise radiated by two flat blades was measured with this deck and 
the data was compared with a single flat blade which was measured in the single Plexiglas 
deck. 
For double blades in addition to the types of noises radiated by a single blade, there 
will be interaction noise caused by the two blades rotating in close proximity to each other. 
The presence of the other blade will also cause an increase in the turbulence of the air flow 
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near the blades. In Chapter 2 it was shown that as the flow becomes turbulent the broadband 
noise caused by this turbulent flow increases greatly. 
Figure 4.15 compares the frequency spectra of the single blade with the double blade. 
The figure shows that the discrete tones are much higher as would be expected due to the 
increased interaction between the two blades. The discrete tones in the two blade case is 
caused by each blade chopping its own large vortices and the large vortices of the other blade 
as well. Additionally, the John Deere deck used for the two blade measurements had a 
complex geometry and included a grass throw outlet. This would also contribute to the 
discrete tone noise. 
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Figure 4. 14 Effect of two blades versus a single blade on the frequency spectra of 
the radiated sound 
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The broadband noise for the double blade case is increased and this is due to the air 
flow around the blade being turbulent. The increase above 3000Hz. is especially dramatic. In 
the literature reviewed it was indicated that the broadband noise would increase greatly if the 
flow itself were turbulent. The data shown below verifies this fact. Additionally, the John 
Deere deck is larger in size and therefore allows the trailing edge vortices to travel away from 
the blade, instead of acting like an enclosure as the Plexiglas deck did in the single blade case. 
A large amount ofbroadband noise escaped from the grass throw outlet for the double blades 
in the John Deere deck. 
Table 4.8 shows that the overall linear level increases by around 7.5 dB for the double 
blades as compared to the single blades. The octave levels of the double blades was high in all 
the octave bands with the highest difference in octave levels being 20.97 dB in the 250 Hz 
octave band. In conclusion both the discrete tone and the broadband noise increase for 
multiple blades. 
Table 4.8 Octave levels for double blade measurements 
Octave band 31.5 63 125 250 500 1000 2000 4000 Linear A-wt 
Double blade 82.64 86.71 89.26 89.35 80.75 86.87 88.48 89.58 92.52 98.06 
Single blade 75.85 77.54 75.1 68.38 66.31 74.88 81.3 62.18 84.95 83.31 
Difference, dB 6.79 9.17 14.16 20.97 14.44 11.99 7.18 27.4 7.57 14.75 
78 
CHAPTER 5. SUMMARY 
5.1 Conclusions of the research 
One of the important goals was to build a test rig capable of running lawnmower 
blades at high speeds. In Section 3 .1, the test rig was described, and it was shown that this 
goal was achieved as the test rig was capable of running blades at 3000 rpm and providing 
power as high as 2 hp. for the double blades. The drive system had to be quiet so as not to 
affect the measurements. The data, in Section 3.2, showed that the difference between the 
background sound power levels as compared to a flat blade and high wing blade were greater 
than 6 dB over most of the measured frequency range. Thus, the enclosure was effective and 
the measurements represented blade noise alone. 
To be able to measure the blade in conditions close to actual operating conditions a 
ground surface and deck were used. The data in Chapter 4, showed that this helped provide 
new insights into the actual noise causing mechanisms of lawnmower blades than was found 
by other researchers from work available in the open literature. 
The measurement set up was repeatable to within +/- 0.25 dB or 0.25 dBA. The 
measurement technique was similar to standard international techniques of measuring sound 
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power in order for measurements made in this research to be easily compared with other 
measurements done elsewhere. Since the measurement error was only +/- 0.25 dB any 
changes greater than 0.5 dB were considered to be accurately observed and thus the effects of 
small modifications could be studied. 
The theory showed that there are two types of noise radiated by fans and blades, 
namely discrete tone noise and broadband noise. The data collected in this research, Chapter 
4, verifies that this is true for lawnmower blades. The data showed that for the flat blades 
there is a higher content of broadband noise while for the high wing blades there is more 
discrete tone noise. The noise causing mechanisms for each of these types of noise were 
successfully identified. 
The discrete tone noise was shown to be caused by the rotation of the blade and the 
interaction of the blade with the deck. Discrete tone noise was more predominant in the high 
wing blades because of the strong vortices shed off the tip of the blades with a high wing and 
the large cross section of the high wing blade which cuts through the vortices. Since one of 
the mechanisms causing discrete tone noise is the interaction of the blade with the deck, there 
is only a limited reduction which can be expected from blade modifications alone. If any 
greater reductions are to be obtained the blade as well as the deck need to be modified. 
For the flat blades the broadband noise is the primary noise source. Thus, when 
dealing with flat blades, noise reduction efforts must primarily attack the sources causing 
broadband noise. It was shown that vortex shedding off the trailing edge of the blade was the 
main contributor to broadband noise. This means that the blades themselves can be modified 
to obtain noise reductions. 
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The deck has a significant influence on the radiated noise particularly for the higher 
wing blades. Discontinuities in the deck will cause an increase in discrete tone interaction 
noise. Blade deck interaction noise may be reduced by making the inside surface as 
aerodynamic as possible and reducing any discontinuities like nuts, bolts or other fixtures on 
the inside of the deck. Repositioning the wheels and other nearby mechanical structures 
attached to the deck will also reduce interaction noise. 
Some of the literature reviewed suggested reducing speed as a way to reduce the 
radiated noise. However, this research showed that significant reductions can only be 
obtained if there are great reductions in speed. This would hamper the cutting effectiveness of 
the blade and is therefore not a good solution. 
The measurements to study the effect of the blade length showed that different 
sections ofthe blade are responsible for different frequency ranges of broadband noise. Hence, 
modifications to different cross sections of the blade will affect and possibly reduce certain 
frequencies ofbroadband noise. 
Measurements on reducing the width of the blade showed that this will help reduce 
discrete tone noise. Since discrete tone noise is a major contributor to the noise radiated by 
high wing blades, then modifications to the blade width will affect the noise radiated by these 
blades. 
The use of vortex generators did not yield significant reductions in noise levels. This 
may have been due to the improperly designed V' s. This is new concept and more work needs 
to be done to be able to use vortex generators as an effective method of reducing blade noise. 
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The double blade measurements showed that both discrete tone and broadband noise 
significantly increase as compared to a single blade. The adjacent rotating blade causes the 
discrete tones to increase and the turbulent flow causes the broadband noise to increase. 
The deck plays a very important role in the noise radiated by the blades and making 
modifications to the deck can definitely affect the radiated noise. Discontinuities like grass 
throw outlets increase the radiated noise. A deck which has aerodynamically smooth insides 
would be the quietest. For the double blade measurements a commerciallawnmower deck was 
used and a lot of noise was radiated through the grass throw outlet. Hence, modifications to 
the grass throw outlet will help reduce the radiated noise. 
5.2 Recommendations for future work 
This research helped identify the different noise causing mechanisms of a lawnmower 
blade. However, it would help to have a better visualization of the flows over the blade 
surface and around the deck. This could be achieved both theoretically or experimentally. To 
study the flows around the blade one could use fluid dynamic techniques and codes written for 
blade and fan flows to predict the air flow for different modifications in blade and deck 
geometry. Measuring the pressure fluctuations at different points along the blade length might 
give information of the air flow around the blades. These air flows could also be visualized by 
using colored smoke or other experimental techniques to physically observe behaviors of the 
pressure field moving around the deck and the blade. 
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In this research, a flat blade and high wing blade were studied to observe noise causing 
mechanisms occurring with each type of blade. In practice, blades of varying lifts are used and 
hence measurements with a series of blades having increasing lift will give a better 
understanding of the effect of lift on the radiated noise. 
Blades used in practice have varying geometries such as angled wings or parallel 
wings. Measuring blades with different geometries will give information on the effect of 
different geometries. 
For two blades running near each other, accurate position measurements to study the 
effect of blade positions relative to each other on the noise radiated could help in the 
development of an optimally quiet position. 
For the single blade measurements a deck made out of Plexiglas was used. Obtaining a 
commercially manufactured deck and then performing single blade measurements might give 
slightly different sound power levels. 
For the flat blades the deck primarily acts like an acoustic enclosure. Keeping this in 
mind the deck could be redesigned to be a more effective enclosure. 
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